No direct method has yet been developed to measure real-time plasma nitric oxide (NO) concentration in humans. In this study, we evaluated a new method for measuring plasma NO concentration in patients with dilated cardiomyopathy (DCM) and in normal controls using a catheter-type sensor.
Introduction
The endothelium has a crucial role in regulating vasomotor tone, 1 platelet activity, 2 leucocyte adhesion, 3 and vascular smooth muscle proliferation 4 through the release of several paracrine factors, and particularly nitric oxide (NO). In the clinical setting, endothelial dysfunction can be evaluated in several ways, resulting in the increased understanding of the mechanisms underlying the development of atherosclerosis. However, it has been very difficult to measure real-time NO levels, because NO is oxidized or inactivated by dissolved oxygen, oxyhaemoglobin, and/or reactive oxygen species (ROS) immediately after release by vascular endothelial cells into the blood stream. 5, 6 Berkels et al. 7 reported a method for measuring NO using an NO-selective electrochemical sensor. They demonstrated for the first time that basal and agonist-induced NO release could be measured with an electrochemical electrode by converting nitrite back to NO. This sensor has enabled us to evaluate dynamic changes in NO concentration in solutions and in tissues in response to agonists. From this, we have developed a cathetertype NO sensor which can directly measure intra-arterial NO concentration in vivo. 8 -10 The NO sensor showed high sensitivity and high selectivity to NO compared with various NO-related reagents. 9, 10 We also showed more recently that the chronic application of angiotensin II reduces the plasma NO concentration induced by acetylcholine (ACh). 11 Furthermore, the NO sensor enabled us to record accurate changes in plasma NO levels as a result of release from the endothelium in response to ACh infusion. Using this sensor, we previously demonstrated the dynamic state of NO in a canine model. 8 After carefully examining the safety of this method for human use, we have carried out the first real-time measurements of dynamic changes in NO concentration in the coronary circulation in patients with non-ischaemic dilated cardiomyopathy (DCM) and in normal controls.
Methods

Study population
The study design was approved by the ethical committee of Wakayama Medical University. Written informed consent was obtained from each subject after a full explanation of the possible complications (e.g. coronary sinus rupture, arrhythmia, and hypotension). From April 2007 to January 2009, 12 DCM patients were admitted to our hospital with congestive heart failure. DCM was defined as the presence of left ventricular ejection fraction (LVEF) dysfunction (ejection fraction ,40%), but without coronary artery disease (determined by coronary angiography), valvular disease, myocarditis, or secondary cardiomyopathy (determined by echocardiography and laboratory findings). After medical treatment, 10 DCM patients were enrolled in the study. As the control group, we selected 10 sex-matched patients with normal left ventricular function and no evidence of coronary artery disease, who underwent cardiac catheterization for chest pain or palpitations. The control group was selected from June 2007 to November 2008, taking the age range (40 -70 years) into consideration. Both groups consisted of three women and seven men. Age was not significantly different between patients and controls; the average age of the patients was 56 + 10 years (43-70 years) and that of controls was 58 + 7 years (45 -68 years). Eight of the 10 patients in the control group had been admitted due to incessant palpitations and underwent electrophysiologic catheterization. For the procedure, a 6-French (Fr) guiding catheter was inserted via the coronary sinus to record the mitral annulus potential using an electrical catheter. Following the electrophysiologic study, coronary angiography was performed to rule out coronary artery disease in symptomatic patients, and then this study protocol was started.
Cardiac catheterization
Following diagnostic catheterization, heparin was administered (total dose 5000 IU), and a coronary-infusion catheter equipped with a 0.014-inch Doppler guide wire (Flowire, Volcano Inc., Mountainview, CA, USA) was positioned in the left anterior descending (LAD) coronary artery via a 6-Fr Judkins guiding catheter. A coronary-infusion catheter was positioned distal to the first major septal branch, and a Doppler guide wire was positioned distal to the infusion catheter to monitor coronary flow velocity. An NO sensor was positioned at the proximal end of the great cardiac vein (GCV) via a 7-Fr Amplatz guiding catheter to continuously monitor the plasma NO concentration ( Figure 1 ). Blood in the GCV was obtained at 4 min after the administration of 30 mg ACh. Then, the plasma nitrite level was measured by the Griess reaction to compare the NO levels with those obtained using the NO sensor.
Quantitative coronary angiography and coronary velocity measurements
Coronary arteriograms were recorded and analysed using a Philips angiographic system (Philips Medical, The Netherlands). We measured the coronary artery diameter at a point 5 mm distal from the tip of the Doppler wire. An appropriate view that permitted clear visualization of the site was selected. The diameter was measured three times by two examiners who had no knowledge of the patients' clinical characteristics, and the average value was used for analysis. Inter-and intra-observer reproducibilities were high (r ¼ 0.96 and 0.98, respectively).
The average peak velocity (APV) of flow in the LAD was continuously monitored using a fast Fourier transform-based spectrum analyser (FloMap, Cardiometrics Inc.). Systemic arterial pressure and heart rate were continuously recorded. The steady-state signals of APV, blood pressure, and heart rate were used for analysis.
Real-time measurements of nitric oxide in the coronary circulation
The performance of the amperometric NO-selective sensor (amino-700XL, Innovative Instruments, Tampa, FL, USA) has been previously described. 11 In brief, the NO sensor was mounted in a 4-Fr catheter (1200 mm long; Hirakawa Hewtech) and fixed with silicon adhesive. Polyurethane was attached to the detection tip to prevent physical damage of the vessel wall, and two metal wires were also attached along the detection tip to provide mechanical support to the electrodes. The oxidative current generated by NO was monitored using an NO monitor (model inNO-T, Innovative Instruments). The sensor could not measure the absolute level of circulating NO because of the differences between the calibration sites and the measuring site. Therefore, we evaluated ACh-induced plasma NO levels as the peak response in the current from the baseline over the entire period, which is expressed as 'change in plasma NO concentration (nM)' based on the calibration.
Study design
All cardiovascular drugs were withheld for 24 h before the start of the study. The same study protocol was used for all patients ( Figure 2) . Acetylcholine was infused into the LAD via the infusion catheter at 5 mL/min for 2 min in the following order: (i) three 2-min infusions of ACh at 0.15, 1.5, and 15 mg/min, yielding estimated intracoronary concentrations of 10
28
, 10
27
, and 10 26 M, respectively; (ii) a 5-min
40 mmol/min; and (iii) three ACh infusions at the above three concentrations immediately after the L-NMMA infusion. Systemic arterial pressure, heart rate, 12-lead electrocardiogram, APV in the LAD, and changes in plasma NO concentration in the GCV were continuously measured throughout the study. In addition, coronary angiography to measure the diameter of the LAD at the target site was performed at the time points indicated in Figure 2 .
Evaluation of real-time NO changes
Assay of nitric oxide concentration
Twenty blood samples from 10 DCM patients and 10 control subjects were obtained through the catheters with the use of disposable syringes and centrifuged immediately at 300 rpm for 5 min at 48C. Plasma was stored at 2808C until use. Plasma samples were diluted 1 : 2 with deionized water and filtered through a 0.45-mm microfilter. Plasma nitrite and nitrate concentrations were measured with an NOx analyser (Eno10, Eikon, Kyoto, Japan) with high-performance liquid chromatography and the Griess reaction. In brief, the samples were first passed through a column to separate nitrate from nitrite. Then, the samples were passed through a second column containing copper-coated cadmium to reduce the nitrate from nitrite. Next, 
Statistical analysis
Data were expressed as mean + standard deviation (SD The coronary flow velocity of the left anterior descending coronary artery was continuously monitored during this protocol. paired t-test. A probability of ,0.05 was considered significant. The effect sizes were calculated by Cohen's d-that is, the difference between two means divided by an SD for the total data.
Results
Study population
A comparison of demographic data between the studied DCM group and the control subjects is shown in Table 1 . No significant differences were observed with respect to age, smoking habit, or the incidence of diabetes mellitus and/or hyperlipidaemia between groups. The incidence of hypertension was significantly higher in the DCM group than in the control group (P , 0.05). On the other hand, the incidence of LVEF was significantly lower in the DCM group than in the control group (P , 0.01).
Validation of no sensor
To evaluate the NO level using another methodology, we measured NO change by the Griess reaction, which detects nitrite based on the reaction with sulphanic acid to form the diazonium ion. There was a weak but significant correlation between the NO levels measured by the catheter-type NO sensor and the nitrite level measured by the Griess reaction (r ¼ 0.41, P ¼ 0.048) (data not shown).
We used saline as a control marker of the NO sensor. Infusion of saline did not cause any change in the plasma NO concentration. In addition, as previously reported, 8 -10 no significant changes in the baseline current were observed with and without mixing, suggesting no direct (primary) effect of fluid (blood) motion on measurement of the NO sensor.
Changes in coronary nitric oxide production induced by acetylcholine and N G -monomethyl-L-arginine Table 2) . Acetylcholine increased the plasma NO concentration in a concentration-dependent manner only in the control group. The changes in NO concentration after 3 and 30 mg ACh infusion were significantly blunted in the DCM group compared with the control group (Cohen's d ¼ 1.5 and 1.7, respectively; P , 0.01 by Mann-Whiteney U test). As shown in Table 3 , the ACh (0.3, 3, and 30 mg)-induced increase in NO concentration was almost completely inhibited by pretreatment with L-NMMA in both the DCM and the control groups (Cohen's d ¼ 0.3, 0.1, and 0.3, respectively; Table 3 ).
Coronary epicardial diameter Table 2 shows that the ACh induced change in coronary epicardial diameter (%) in the DCM and the control groups. The change in coronary epicardial diameter in response to 30 mg ACh infusion was significantly lower in the DCM group than in the control group (Cohen's d ¼ 1.9; P , 0.01 by Mann-Whiteney U test). In contrast, there were no significant differences between the two groups in terms of the change in coronary epicardial diameter in response to several doses of ACh infusion after L-NMMA except for 3 mg ACh infusion (Cohen's d ¼0.04 (0.3 mg ACh), 1.8 (3 mg ACh), and 0.6 (30 mg ACh); Table 3 ).
Estimation of coronary flow velocity
The ratio of APV increase by ACh ((ACh infusion2baseline) × 100/ACh infusion) in both the DCM and the control groups was changed in a concentration-dependent manner. The changes in APV (%) after 0.3, 3, and 30 mg ACh infusion were significantly blunted in the DCM group compared with the control group (Cohen's d ¼ 1.9, 1.8, and 1.9, respectively; P , 0.01 by MannWhiteney U test; Table 2 ). The changes in APV after 0.3 and 3 mg ACh infusion were not significantly different between the DCM group and the control group (Cohen's d ¼ 0.6 and 0.7, respectively; Table 3 ). Interestingly, the change in APV in response to 30 mg ACh infusion after L-NMMA was significantly blunted in the DCM group compared with the control group (Cohen's d ¼ 1.1; P , 0.01 by Mann-Whiteney U test; Table 3 ), which suggests that the ACh-induced increase in the APV was partially suppressed by pretreatment with L-NMMA in contrast to the response plasma NO concentration.
Real-time changes in coronary diameter, coronary blood flow, and nitric oxide production induced by acetylcholine stimulation
During Ach infusion, APV and NO concentration were measured simultaneously using a Doppler guide wire and an NO sensor, respectively. Figure 4 shows APV and NO concentration plotted every 5 s in a representative control subject. A comparison of dynamic changes in NO in response to ACh between the DCM and the control groups is shown in Figure 5 . Evaluation of real-time NO changes respectively. In the control group, APV reached its peak value 77 + 12 s after intracoronary ACh infusion, whereas the NO concentration started to increase 1 min after Ach infusion and reached its peak value after 230 + 45 s. In the DCM group, APV reached its peak value after 79 + 12 s and NO concentration started to increase at approximately the same time as in the control group.
Discussion
No direct method has been developed so far to measure real-time plasma NO concentration in humans. In this study, we evaluated a new method to measure real-time plasma NO concentration in the coronary circulation in patients with DCM and normal control using a catheter-type sensor. The results of the present study showed for the first time that the NO sensor could be applied to clinically evaluate endothelial function (i.e. reduced endothelium-derived NO bioavailability) in patients with cardiovascular diseases. Rather than directly measuring NO concentrations, most previous studies have assessed the vasomotion after intracoronary injection of ACh or by flow-mediated dilation (FMD) to evaluate coronary endothelial function. However, evaluation of vascular endothelial function based on these two methods depends on the normal function of vascular smooth muscle. 13 If both the basal tone and the response of vascular smooth muscle during the procedure are impaired, the utility of this measure is poor. Furthermore, the data are influenced by multiple endothelium-derived vasodilators other than NO and by vasoconstrictors and neural control of the vascular smooth muscle. Thus, FMD and vasomotion after ACh injection may not be adequate parameters of NO bioavailability and endothelial function. NO is immediately oxidized or inactivated in the blood stream after its release from vascular endothelial cells. However, Rassaf et al. 14 suggest that NO can be transported in its bioactive form for significant distances along the vascular bed and may therefore exert remote effects. If this supposition proves true, then direct measurement of plasma NO concentration is necessary to characterize the kinetics and physiological role of NO and to evaluate endothelial function. In this study, we demonstrated for the first time that the catheter-type NO sensor are now allowing direct measurement of human plasma NO concentrations in coronary circulation, which will provide a powerful tool for the characterization of NO physiology and pathophysiology and may identify greater opportunities for therapeutic modulations in humans.
From an analytical point of view, detection of NO in biologic fluids is challenging, and several methods for determining NO in different cells and fluids have been reported, such as the Griess reaction, a bioassay, 15 an oxyhaemoglobin assay, 16 electron paramagnetic resonance, 17 and chemiluminescence-based highperformance liquid chromatography. Compared with these reported methods, the advantage of the NO sensor is that it can measure accurately real-time NO concentration in the GCV in humans. The concentration of endothelium-derived NO measured in plasma using the NO sensor may be affected by various factors including: (i) oxidation or inactivation by dissolved oxygen, oxyhaemoglobin, and/or ROS, if present, and (ii) trapping and transport by haemoglobin and other thiol compounds including albumin and glutathione. In this study, we measured remaining plasma NO, which reflects in vivo NO bioavailability, in the coronary sinus. Evaluation of real-time NO changes Therefore, it is less likely that the levels of free NO measured would give an overall picture of the function of the endothelium. However, in the present study, pretreatment with L-NMMA completely suppressed ACh-induced NO concentration even in the control group. Thus, the measured NO level may reflect NO bioavailability in whole blood even if the NO sensor is located in flowing blood.
Measurement of coronary diameter, coronary blood flow, and real-time changes in plasma NO concentration led to three major findings concerning coronary artery performance. (i) ACh-induced epicardial reactivity evaluated by quantitative coronary angiography as well as plasma NO concentrations in the coronary circulation were almost completely inhibited by pretreatment with L-NMMA, whereas microcirculatory coronary reactivity evaluated using a Doppler guide wire was partially inhibited. (ii) The NO concentration started to increase 50 s after the APV increase; this was similar in the DCM and the control groups. (iii) Both the peak change in plasma NO concentration and the total period of NO increase were reduced in the DCM group compared with the control group.
ACh is clinically used as a stimulus to assess endothelial function. 18, 19 However, we cannot exclude the possibility that the increase in 'NO levels' is due, at least in part, to an increase in flow because ACh increases both plasma NO concentration and blood flow. The associated elevation of shear stress may then further increase the plasma NO concentration by a positive feedback mechanism. In contrast, L-NMMA is a specific inhibitor of NO synthase and intracoronary infusion of L-NMMA reduces the basal and ACh-induced increase in coronary blood flow in humans. 20 In this study, L-NMMA almost completely inhibited ACh-induced NO increase in the GCV and coronary dilatation in both the DCM and control groups, whereas it partially suppressed coronary blood flow in the LAD in both groups. Microvascular endothelial function has been evaluated based on the change in coronary blood flow, which is mostly regulated by the resistance of arterioles 200 mm or less in diameter. 21 Therefore, our results strongly support the long-standing hypothesis that ACh-induced conduit endothelial vasodilation is largely mediated by NO, whereas microcirculatory vasodilation appears to be mediated only partly by NO, and mainly by other factors including endothelium-derived hyperpolarizing factor (EDHF). 22 The peak plasma NO concentration was reached later than the maximum APV after the injection of ACh in the DCM and control groups. The delayed effect of NO in vasorelaxation may be attributable to three mechanisms. First, ACh-induced vasodilation is caused not only by NO but also by other factors, particularly in the early phase. Indeed, there are many factors that may influence coronary vasodilation in addition to NO, including EDHF, ATP-dependent K + channels, and prostaglandins. Thus, the coronary vascular response to ACh may not be primarily determined by NO. Second, the discrepancy between NO and APV timing may be partly due to differences in measuring sites. In this study, the NO sensor was placed in the coronary sinus, and a Doppler guide wire was located in the LAD. Most NO, once released from vascular endothelial cells into the blood stream, is immediately degraded by superoxide, if present. We measured the remaining plasma NO, which reflects in vivo NO bioavailability, in the coronary sinus. The relatively long distance between the vessel and the point of NO assessment might lead to the delayed effect of NO on vasorelaxation. Third, the delayed increase in NO following the increase in APV may reflect the fact that the increase in NO may be secondary to increased flow and shear stress rather than the direct effect of ACh on the endothelium. That is, the associated elevation of shear stress induced by the increased blood flow following ACh infusion may further increase the plasma NO concentration via a positive feedback mechanism. Furthermore, any flow-induced release of endogenous ACh from the endothelial cells may, at least in part, contribute to the sustained elevation of plasma NO concentration. We also found that the plasma NO concentration in the human coronary circulation during ACh infusion (30 mg, 2 min) was approximately 12.0 nM in normal subjects and 2.3 nM in DCM patients with severe left ventricular dysfunction. With regard to normal subjects, our data are consistent with the results from a study in which a different type NO metre was used to measure NO concentration in the internal mammary artery and the saphenous vein taken from patients undergoing coronary surgery. 23 
Limitations
First, although direct NO measurement in the coronary artery might provide valuable information to assess endothelial function of the epicardial conduit artery, it is currently impossible to insert the catheter-type NO sensor in the coronary artery due to its rigidity and size. Second, we used 200 mmol L-NMMA cumulatively in the present study in accordance with previous reports. 24, 25 This dose would be ideal for evaluating plasma NO concentration based on dose-dependent changes induced by L-NMMA infusion because it might provide more detailed information about basal NO in the coronary circulation. We did not use a higher L-NMMA dose in order to avoid secondary changes in coronary blood flow caused by elevated arterial pressure and hence increased myocardial oxygen demand. Third, magnetic resonance imaging examination should be performed in all patients to rule out secondary cardiomyopathy including myocarditis because the diagnosis of DCM is an exclusive one. However, we did not do so in this study. Finally, although we evaluated NO change by the Griess reaction to examine the NO levels with another methodology, there was a weak, but significant, correlation between the NO levels measured by the catheter-type NO sensor and nitrite levels measured by the Griess reaction (n ¼ 10, P ¼ 0.048, r ¼ 0.41). The weak correlation may be due to the difference in the detection limit. That is, the detection limit of the sensor was reported to be 0.08 nM, 26 whereas that of the Griess assay was 10 nM. 12 Irrespective of underlying reasons, the validation study could not provide us with complete confidence.
Conclusions
In this study, we demonstrated for the first time that the cathetertype NO sensor allows the accurate measurement of real-time plasma NO concentration in the coronary circulation of nonischaemic DCM patients and control human subjects. We confirmed the impairment of NO in DCM patients. More importantly, the NO sensor may be applied to clinically evaluate endothelial function and may open new diagnostic and therapeutic possibilities in patients with cardiovascular diseases. Further research on realtime plasma NO measurement in patients with endothelial dysfunction would clarify the interaction between the dynamic state of NO and coronary artery disease.
